Crohn's disease and ulcerative colitis (the inflammatory bowel diseases) have a strong genetic component. Although over 20 putative susceptibility loci have been identified by individual genome scans, the majority of these loci have not been replicated. Many individual studies are at the lower limit of acceptable power for complex disease linkage analysis. Genome scan meta-analysis (GSMA), by use of sample sizes an order of magnitude greater than individual linkage studies, has increased power to detect novel loci, may confirm or refute regions detected in smaller individual studies, and enables regions to be prioritized for further gene identification efforts. Genome scan data (markers, significance scores) were obtained from 10 separate studies and meta-analysis was performed using the GSMA method. These studies comprised 1952 inflammatory bowel disease, 1068 Crohn's disease and 457 ulcerative colitis affected relative pairs. Study results were divided into 34 cM chromosomal bins, ranked, weighted by study size, summed across studies and bin-by-bin significance obtained by simulation. A region on chromosome 6p (containing the HLA) met genome wide significance for inflammatory bowel disease. Loci meeting suggestive significance for inflammatory bowel disease were 2q, 3q, 5q, 7q and 16 (NOD2/CARD15 region); Crohn's disease, 2q, 3q, 6p, 16 (NOD2/CARD15 region), 17q, 19p; and ulcerative colitis, 2q. Clustering of adjacent bins was observed for chromosomes 6p, 16, 19p. The meta-analysis has identified novel loci and prioritized genomic regions for further gene identification studies.
INTRODUCTION
Crohn's disease (CD) and ulcerative colitis (UC)-the inflammatory bowel diseases (IBD)-are chronic debilitating conditions of the gastrointestinal tract, with combined prevalence of 0.2% in Caucasians. The two conditions share some clinical and pathological features, including some treatment options, although disease type can usually be distinguished by features including anatomical site and histology. Epidemiological studies have revealed a significant genetic contribution to their pathogenesis, with sibling relative risks of 30-40 for CD and 10-20 for UC (1) . Greater than expected occurrence of both CD and UC within the same family suggests that some inherited variants might predispose to both types of intestinal inflammation.
There have been 10 published inflammatory bowel disease genome scans, in addition to several as yet unpublished scans and locus-specific replication studies (recently reviewed in 2). More than 20 susceptibility loci have been identified from these individual studies, and the majority of these have not been reproduced across studies. This finding is unsurprising as statistical considerations suggest that much larger cohorts are needed for reliable detection of linkage (3) and even larger studies required for replication. One notable success has been the confirmation of the chromosome 16 (IBD1) locus by the pooling and analysis of locus specific raw genotype data from 12 centres (4), and Crohn's disease-associated variants in a gene from this locus (NOD2/CARD15) have subsequently been identified (5, 6) .
A pooled analysis of IBD studies at a genome wide level offers the potential to identify novel susceptibility loci of relatively weak effect, confirm regions suspected from smaller individual studies and prioritize regions for further gene identification. A genome-wide pooled analysis might be performed using original genotypes, or by meta-analysis of genome scan results. Use of original genotypes followed by new linkage analysis is complicated by lack of original data availability, industry relationships, difficulties of constructing a combined map and use of different marker sets. We used the Genome Scan Meta-Analysis (GSMA) approach to analyse IBD data (7) . This approach has the advantage of straightforward data submission, no assumptions of inheritance models and is robust to different analysis methods. On the other hand, this method reduces the precision of linkage signal (34 cM bins were used in this study). Simulation methods, recently applied to bipolar disorder and schizophrenia genome scan data, were used to assess statistical significance of results (8) (9) (10) .
We contacted all investigators known to be undertaking linkage analysis in IBD, in part through an IBD International Genetics Consortium, and performed GSMA on data from 10 independent studies. This dataset comprises much the largest study in IBD to date, and one of the largest analysed in any complex disease. The meta-analysis has detected novel regions, confirmed some previously identified loci, and prioritized regions for further gene identification studies.
RESULTS
Weighted genome scan meta-analyses for the three phenotypes Figure 1A shows bin-by-bin Psumrnk for the IBD phenotype. Genome-wide significance was observed for bin 6.2 (containing the HLA region) and suggestive significance for the adjacent bin 6.1. Three other bins (2.6, 3.7, 16.2) met suggestive significance. Four out of five of the bins meeting suggestive significance also met the empirical criteria suggesting these bins were likely to contain linked loci. An additional two bins (5.3, 7. 3) also met the empirical criteria but did not quite reach suggestive significance. Table 1 shows the 20 highest bins for each of the three phenotypes. Full data for all bins and phenotypes are available online in Supplementary Information 1. Figure 1B shows bin-by-bin Psumrnk for the CD phenotype. No bins met genome-wide significance and five bins met suggestive significance. Interestingly these bins only represented three distinct loci on chromosomes 16 (bin 16.2), 19 (bins 19.1, 19.2) and 6 (bins 6.1, 6.2) with in each case an adjacent bin also meeting one or more significance criteria. A further four bins (2.6, 3.7, 12.3, 17. 3) met the empirical criteria suggesting these bins were likely to contain linked loci. Figure 1C shows bin-by-bin Psumrnk for the UC phenotype. No genome-wide significant results were observed for the UC phenotype. Suggestive significance was seen for bin 2.6 although the empirical criteria were not also met, and one bin out of 102 having a P-value of less than 0.01 can be expected by chance. (C) Ulcerative colitis phenotype. Individual chromosomes are sub-divided into 34 cM bins (represented by a dot), and bins ranked by significance after summing weighted data across studies. Significance levels corresponding to 99% and 95% shown (Psumrnk < 0.01 and 0.05, respectively). The observed versus expected distributions of Rsumrnk for the highest scoring bins for the three phenotypes are shown in Figure ( 2A-C). The Pord statistic reflects, for a given bin position, the significance associated with the difference between observed and expected Rsumrnk. The observed distributions for IBD and CD clearly show deviation from the expectation under the null hypothesis, whereas the UC phenotype does not differ.
Clustering of adjacent bins was observed for bins on chromosomes 3, 6 and 16 for the IBD phenotype and chromosomes 3, 6, 16 and 19 for the CD phenotype (albeit for both phenotypes the adjacent chromosome 3 bins do not quite reach significance).
Weighted versus unweighted, adjacent bin pooling and bin omission analyses Table 2 shows a comparison of weighted (by study size) versus unweighted results for bins that meet one or more significance criteria in the weighted analyses. Combining the data from all phenotypes, slightly more bins showed higher significance in the weighted analyses than unweighted analyses, two bins significant in the weighted analyses were not significant in the unweighted data, and no additional significant bins were observed in the unweighted analyses. Full data for all bins and phenotypes are available online in Supplementary Information 1.
In the analysis of adjacent pairs of bins, performed in case linkage evidence was split across bin boundaries, no new regions were identified. All significant paired bins contained a region suggested by single-bin analysis (data not shown).
The weighted GSMA for the IBD and CD phenotypes was repeated with the omission of bins 6.1, 6.2 (corresponding to HLA/IBD3) and 16.2, 16.3 (corresponding to CARD15/ IBD1). All bins previously showing suggestive significance (Psumrnk < 0.01) were again observed-in each case with marginal increases in significance (data not shown). For the CD phenotype, two bins which had previously only met empirical criteria (bins 17.3, 3.7) now additionally reached suggestive significance (Psumrnk ¼ 0.0076 and 0.0099, respectively).
DISCUSSION
Genome-wide evidence for linkage was obtained in this metaanalysis of 10 inflammatory bowel disease genome scans. Bin 6.2 (chromosome 6p23-6p21.1, containing the HLA region) was associated with a genome-wide significant P-value for the inflammatory bowel disease phenotype after correction for multiple testing. Suggestive linkage (expected to occur once per meta-analysis by chance) was observed for four other bins for the IBD phenotype, five bins for the CD disease phenotype and once for the UC phenotype. An additional two (IBD) and five (CD) bins met empirical criteria for linkage (both Psumrnk and Pord < 0.05) established in studies of simulated complex disease datasets of similar size to the current study. There is no straightforward way to determine which of these latter bins represents a true positive result. A noteworthy observation from the studies of simulated complex disease datasets was that clusters of adjacent bins meeting significance criteria are unlikely to be false positives. Clustering of bins was observed on chromosomes 6 (6pter-
This locus therefore provides a positive control for the GSMA, and some indication of the significance that might be observed elsewhere in the genome for a locus with similar allele frequencies and effect size. It is noteworthy that the bins for this region did not quite reach genome wide significance, and it is possible that the Bonferroni correction applied is over-conservative. Multiple genetic variants within the HLA region have been reported to be associated with IBD, CD and UC over the last two decades. This region contains over 100 genes of known immunological and other functions, and genetic association analyses are complicated by long-range linkage disequilibrium. Both extended haplotypes and individual variants have been reported to be associated with disease in family based studies, case-control studies and meta-analyses. Thus, although the precise disease-causing variant/haplotype is not yet clear, there is little doubt that genetic variation within this region predisposes to IBD and sub-phenotypes, providing a further positive control for the GSMA. It is important that linkage scores in complex traits should not be penalized by the fact that other better linkage scores exist somewhere else in the genome, and we attempted to control for this possibility in the GSMA by dropping the four bins corresponding to the HLA region and CARD15 gene in further analyses. It might also be argued that the null hypothesis for CD was not one of 'no linked loci', and these analyses address in part this issue. Marginally increased significance levels were observed for all bins previously meeting significance criteria, and an additional two bins previously only meeting empirical criteria for the CD phenotype now met suggestive significance.
Previous simulation studies suggested that weighting the meta-analysis by study size led to a small increase in power. Results were similar for the four bins corresponding to the HLA region and CARD15 gene in both weighted and unweighted analyses. Overall, however, slightly more significant bins were observed in the weighted analysis and significance levels were slightly higher in the weighted analyses. We therefore present the weighted data in this paper, and both sets of analyses are available for comparison as Supplementary Information 1. We next tested whether the choice of bin size and bin position influenced the meta-analysis results, as a broad linkage peak might be split between two bins. Results from all combinations of paired adjacent bins were similar to the original weighted analysis.
We report suggestive evidence for linkage to regions on chromosomes 2q, 3q, 5q and 7q for the IBD phenotype, 2q, 3q, 12q, 17q and 19p for the CD phenotype and 2q for the UC phenotype in addition to the previously discussed chromosome 6 and 16 bins. The chromosome 5, 6 and 16 loci have also been confirmed in an earlier smaller meta-analysis of five IBD studies (11) , although the power of this earlier study may have been reduced by the lack of availability of significance values and chromosomal locations for individual markers and failure to use of simulation methods for significance testing. The significance criteria used for reporting of linkage findings in individual IBD genome-wide studies vary considerably; at nominal values (P < 0.05 uncorrected) linkage has been reported to all but one chromosome. Findings at the suggestive significance level (i.e. Lander and Kruglyak criteria of one false positive per genome scan) which overlap with regions from the current meta-analysis for the IBD phenotype include the 3q region [LOD 2.3 (12) ] and 7q region [single-point LOD 3.1 (13)]. Interestingly a recent paper has described association of variants in the MDR1 gene (located within the linked GSMA 7q bin at 7q21) with IBD (14) . The region on chromosome 5q reported here for the IBD phenotype has been identified in two studies comprising mostly CD pairs, with LOD scores of 2.2 (15) and 2.4 (16) . Suggestive linkage to chromosome 2q has been reported for the UC phenotype [LOD 2.2 (17)]. Chromosome 12q has been identified previously for CD (LOD score not reported) in an early single-point study (13) and chromosome 19p has been identified for CD [LOD 4.6 (16) ]. Thus the loci for 2q (for IBD and CD phenotypes) and 17q (CD phenotype) are novel, and reported for the first time at the suggestive level from this meta-analysis. Greater confidence in linkage can now be assumed for the other loci observed in this meta-analysis, which have previously been reported in only one or two genome scans at the suggestive level.
The IBD phenotype comprises both the CD and UC phenotypes, but also over 400 mixed CD-UC pairs not included in the CD and UC analyses. We analysed the combined IBD phenotype, given the biological plausibility of a locus contributing generally to intestinal inflammation, the greater than expected occurrence of mixed CD-UC pairs in families, and the clinical observation that disease cannot be subclassified (into CD or UC) in 10% of cases. All disease types contribute to the linkage signal observed on chromosome 2q and 6, whereas the much larger signal observed on 3q for IBD than CD might suggest a contribution from the mixed pairs. In contrast, the greater signal on chromosome 16 observed for CD than IBD suggests the majority of linkage signal is contributed by the CD phenotype. Interestingly, linkage to chromosome 5q is reported only for the IBD phenotype. A CD associated haplotype has been identified from the 5q region (18) , although recent studies suggest this confers a weaker effect than initially reported (19) (20) (21) . It is therefore possible that different 5q variants might additionally influence the IBD phenotype, and the 5q13-15 locus for IBD may be distinct. However simulation studies have shown that significant results from the GSMA are often obtained in bins that flank the bin containing the susceptibility locus. An analysis of pooled genotypes would help clarify whether the GSMA 5q result is due to the IBD5 haplotype or a novel locus.
The current study cannot determine how much of the genetic load of IBD can be attributed to the identified loci, as the GSMA method does not measure effect size (in contrast to traditional meta-analysis). This calculation will also depend on assumptions including the nature of locus-locus interactions, which are difficult to test until the disease causing variants are known. It is likely, however, that the current study has identified the majority of IBD loci detectable through linkage analysis of realistically acheivable cohorts.
The two most promising loci for future gene identification efforts would appear to be chromosome 6 for IBD and CD, and chromosome 19 for CD. No one population/cohort would appear more amenable than others to gene identification efforts at these loci. The cohorts included in the current study were all of predominantly European Caucasian descent. Published data is available for three common Crohn's disease associated NOD2/CARD15 variants from most of these cohorts, and to a more limited extent for the IBD5 risk haplotype. The observation that NOD2/IBD5 allele frequencies are similar across the cohorts used in the current study suggests the populations might be broadly similar at other IBD loci. The only population amenable to specific gene identification studies in ethnic groups is the Ashkenazi Jewish population present in some North American samples. This group was too small to usefully include in the meta-analysis. We did not find evidence for heterogeneity in the linkage data between the cohorts from the current study (data not shown).
The meta-analysis has therefore provided strong evidence for both novel and previously suspected loci involved in IBD susceptibility, using the largest cohort in any complex disease linkage study to date. The success of gene identification strategies on chromosome 16 (NOD2/CARD15) in inflammatory bowel disease will encourage efforts to identify diseasecausing mutations from the loci identified and prioritised by the meta-analysis.
MATERIALS AND METHODS

Selection of genome scans
All worldwide centres known to be involved in linkage studies of inflammatory bowel disease were invited to participate, and genome scans further identified through publications and oral presentations. All scans were performed using an even density of microsatellite markers across the genome. Partial scans and candidate region studies were excluded. All groups with published full-genome scans agreed to participate, and the meta-analysis therefore provides a comprehensive overview. Centres provided a computer file containing data on marker names and, for each phenotype, linkage statistics (as either LOD or NPL score) or P-values. All scans used multipoint nonparametric analysis methods. Family size, number of affected relative pairs (ARP) and methodology for individual studies are shown in Table 3 . All centres ascertained families according to standard clinical, laboratory, endoscopic, histological and radiological criteria for the diagnosis of inflammatory bowel disease.
Genome scan meta-analysis GSMA was performed as described (7) . Briefly the autosomes (X and Y chromosomes were not studied) were divided into 102 bins of mean 34.2 cM size (range 23.2-47.8 cM) bins. Marker positions were defined using an integrated marker map developed by the Whitehead Institute (based on Marshfield 1999 map markers) (22) . For each study, each bin was assigned a within-study rank (Rstudy) based on the maximum linkage score within the bin. Bins were ranked in descending order (102 the most significant result). Analyses were performed for the IBD, CD and UC phenotypes. We analysed the IBD phenotype, comprising both CD, UC and CD-UC affected pairs, as it is biologically plausible that a locus might predispose to both types of intestinal inflammation. Previous meta-analyses on simulated complex disease datasets had shown a small increase in power by weighting for individual study size (8) . In the weighted analyses, for each phenotype, bins were weighted by multiplying each Rstudy value by the number of study ARP divided by the mean number of ARP in all studies. Rsumrnk was obtained by summing individual (weighted) Rstudy ranks across all studies. Weights used are shown in Table 4 .
Two pointwise P-values were determined, Psumrnk and Pord, as described and determined by 50 000 permutations of the weighted dataset (8) . Psumrnk is the probability of observing a bin's summed rank by chance; and Pord the probability of observing the jth place bin's summed rank in jth place bins in randomly permuted data. As an example of these statistics, if the fourth highest result bin had summed rank 772, the Psumrnk gives the probability that an arbitrary bin obtains this summed rank or higher, and Pord gives the probability that the fourth most significant result in a GSMA has summed rank 772 or higher. Psumrnk gives an analysis by bin, and we therefore expect 5% of bins to achieve a summed rank with P-value below 0.05. Pord analyses all bins concurrently, but P-values are not independent across bins: a significant Pord for the nth ranked bin increases the probability that the n 71th ranked bin has a significant Pord. In each meta-analysis we applied both theoretical and empirical criteria for assessing significance at a genome wide level. Psumrnk <0.0005 and Psumrnk <0.01 correspond to the widely used Lander and Kruglyak criteria for genome wide (expected by chance once per 20 meta-analyses) and suggestive significance (expected by chance once per meta-analysis), respectively, corrected by the Bonferroni method for 102 bins. No further correction was made for the testing of three phenotypes, as these phenotypes were not independent and the genome wide correction was already highly conservative (due to non-independence of linkage statistics in adjacent bins).
Previous genome scan meta-analyses in schizophrenia and bipolar disorder had established further empirical criteria for bins most likely to contain linked loci (those with both Psumrnk <0.05 and Pord <0.05) (8) (9) (10) . The number of studies and study size for the three phenotypes in the current analysis falls between the larger schizophrenia dataset and the smaller bipolar disorder-narrow dataset. The conclusions from these studies are therefore likely to be generally valid for the current analyses, and were included in the assessment of significance.
Broad peaks are observed in non parametric linkage analyses in complex disease, which might reduce the power of GSMA by splitting linkage evidence between two bins where the locus lies close to a bin boundary. Therefore an additional analysis was performed where for each study, the most significant linkage statistic/P-value within each possible pair of adjacent bins within a chromosome were re-ranked (ranks 1-80). Rsumrnk, weighted by study size, was obtained as previously. 
